We present a micro electromechanical tunable capacitor with a low control voltage, a wide tuning range and adequate electrical quality factor. The device is fabricated in a single-crystalline silicon layer using deep reactive ion etching (DRIE) for obtaining high-aspect ratio (> 20) parallel combdrive structures with vertical sidewalls. The process sequence for fabrication of the devices uses only one lithographic masking step and can be completed in a short time. The fabricated device was characterized with respect to electrical quality factor, tuning range, selfresonance frequency and transient response and it was found that the device is a suitable passive component to be used in impedance matching applications, band-pass filtering or voltage controlled oscillators in the Very High Frequency (VHF) and Ultra High Frequency (UHF) bands.
INTRODUCTION
Applications of tunable capacitors in integrated circuits spread in a wide segment. A tunable capacitor with a wide tuning range is a quite useful component for impedance matching purposes, as in the case of matching between the active interface circuitry (e.g. low-noise amplifier) and the passive components (e.g. 50
antenna) for maximum power transfer. Among the other applications are tunable filters [l] , voltage controlled oscillators [2, 41 and resonators. As an example, high quality factor band pass filters are used in Intermediate Frequency (IF) blocks in heterodyne receivers, in the implementation of channel lecting filters with center frequencies ranging from 455 kHz to 254 MHz. Conventionally, R F blocks use electronic varactors implemented through diodes or transistors. Recently, micro electromechanical varactars have become a common interest of the RF community as an alternative technology to be used in the aforementioned applications
The quality factor of the MEMS capacitors is limited by the suspension spring which has to be compliant (or equivalently the beams have to be narrow and long) to enable law-voltage electrostatic actuation. This normally either calls for metallic structural layers [4] or deposition of thick metals on the signal path of the capacitor t o reduce the series resistance [2, 31.
In this paper, we present an in-plane, high-aspect ratio tunable capacitor which can offer a wide tuning range with state of the art electronics compatible low actuation vole ages. The tuning ratio was found to be 2:l with 3 V of excitation voltage. Additionally, the capacitor settling time was measured as 200 ps. Ambient air operation is enabled since the mechanical architecture of the system allows to obtain mechanical over-damped transient response. Characterizations at microwave frequencies showed that the self-resonance frequency is above 4.08 GHz permitting high frequency operation without frequency range restrictions due to inductive effects.
DESIGN OF COMB-DRIVE VARACTORS
The tunable capacitors considered in this paper are comb structures, where the capacitance is realized through a number of interdigitated finger electrodes on a b e d and a movable part -the shuttle. The shuttle is suspended by a couple of folded beam springs with a low effective spring constant, k, for motion in the intended direction ~ the x-direction -and a high spring constant for mw tion in other directions. In Figure 1 , a simplified sketch of one comb finger-pair with a schematic spring is shown. The fingers have the thickness we, the height h, and the length xe + xr, where xe is the zero bias engagement of the fingers and xf is the distance from the end of a finger to the bar connecting the unrelated fingers. The distance between neighboring fingers is d , which is in this analysis assumed independent on applied bias voltages due to the symmetry. N identical finger-pairs contribute an intended capacitance, G I , which to a first order approximation, where fringe fields are ignored, can be obtained ) , (1) e, = C, o (1 + "2%)
The stability requirement 3 > 0 , restricts the stable stroke (or travel) length; a simple calculation results in a maximum stable travel length of the shuttle, xmnx of
where 0 = 
In the present design, theoretical maximum obtainable capacitance change is ACr,,, = 2.25Cm. 
F A B R I C A T I O N
The tunable capacitor was fabricated in a simple singlemask process using dry deep reactiveionetching (DRIE)[G], followed by a wet isotropic release etch of a sacrificial silicon dioxide layer.
substrate with a 50 pm thick device layer on top of a 1 pm thick oxide layer. The process sequence is illustrated in First, the geometry of the structures was patterned onto the substrate with 1.5 pm thick A25214 photoresist (Figure 4-A) . Then, the masked substrate was then etched anisotropically in the DRlE tool until the buried oxide was reached. Due to the high aspect ratios of more than 1 2 0 and the narrow air gaps needed to obtain a high capacitance between the fingers, a novel etch recipe was developed (Figure 4-B) . After the DRIE step, the remain-ing photoresist was stripped in an Oz/Nz plasma, and the narrow structures released in 40% hydrofluoric acid (Figure 4-C) . Finally, a layer of 200 .
& titanium and 5800 . & gold was evaporated on top of the devices to enhance the electrical quality factor (Figure 4-D) . For convenience, the process was carried out on a SO1 substrate, which has a conducting handle wafer underneath the insulator layer. Far application purposes, the process could be run on a handleless silicon-on-pyrex or silicon-on-fused-silica substrate without changes. This would eliminate parasitic substrate resistance ( h u b ) and capacitances ( C p 1 and Cpz) and enhance the device performance. Such a process would lead a less well-defined air gap underneath the movable structure, but since most of the damping comes from the slidefilm damping between the fingers, this would not deteriorate the device performance.
DEVICE C H A R A C T E R I Z A T I O N A N D A P P L I C A T I O N S

CV, Transient and RF characterizations
The tunable capacitors were characterized in air to extract the capacitance tuning curve and dynamic behavior. Open circuit calibration was performed before the measurements in order to compensate for the probe and pad capacitances [2] . The measured net device capacitance at 1 MHz is shown in Figure 5 , revealing that the capacitance can be tuned between 1 pF (static capacitance) and 2 pF by varying the control voltage to 3.15 V where maxmum deflection is obtained. Furthermore, in Figure 5 , the expected capacitance from equation 2 using fabricated dimensions is overlayed on the experimental data, and is in good agreement with measurements. The experimental tuning range is loo%, mainly limited by the maximum excursion allowed by the spring anchors. Numerical calculations with fabricated dimensions are in very good agreement with the experimental data.
The dynamic behavior of the mechanical system was explored at atmospheric pressure to extract the settling time using the C-t made of the HP-4280A, with an external pulse biasing for fast measurements. The transient behavior was measured at 1 MHz employing a pulse voltage excitation of 1.2 V. The measurement was executed after the falling edge of the pulse to probe the recovery of the capacitance in time.
As can he seen from Figure 6 , the capacitor settles to the final value in about 200 ps, with the desired overdamped response. The reason for the noise in the capacitance after 0.2 ms is the limited resolution of the HP-4280A in C-t made. Contrary to other devices reported previously [l] , the present device can safely be operated in ambient air without demanding a special package for the modification of medium viscosity or pressure. The microwave performance of the device was characterized through two-port scattering parameters from which the self-resonance behavior and electrical quality factor can he extracted. The measurement setup utilizes a Cascade probe station and ground-signal-ground configured probes with a standard pitch of 150 pm, connecting the device and the HP-8515A s-parameter test set through a micro-strip balanced coaxial cable. The HP-8510 network analyzer was then used for measurements at microwave frequencies. Having calibrated the probes for open circuit, short-circuit and 50 R load, the two-port s-parameters were measured in a frequency range of 45 MHz to 10 GHz. Figure 7 shows both simulated and measured SI, parameter in a Smith chart, where the frequency ranges from 45 MHz to 6 GHz.
With a measured device capacitance of 1 pF a quality factor of 100 at 100 MHz and roughly 10 at 1 GHz is obtained. Again, it can be observed from Figure 7 that, the device exhibits a self-resonance at 4.08 GHz.
Impedance Matching Applications
As an example usage of the tunable MEMS capacitor, the impedance matching circuit depicted in Figure 8 is d e signed. The circuit is a simple T-type impedance matching network for maximizing power transfer from a pa% sive source resistance (Rs) to a complex load impedance
utilizing a grounded capacitance and two inductors (LI, Lz) on the serial branch.
In order to emulate the complex load impedance (e.g. input impedance of a law noise amplifier), parallel combination of a resistor (200 n) and a capacitor (1 pF) is used. Figure 9 shows the magnitude of the voltage gain at the output node of the impedance matching network. As can he seen, from a 50 R source impedance, a near optimal power transfer (-3 dB) can be achieved in a rather wide frequency band (400 MHz the matching in a wide frequency band. The current device offers improvements over solid-state varactors such as p n junctions or metal-oxide-semiconductor capacitors, by expanding the design space for tunable VHF-UHF filters and impedance matching networks.
